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BiFeO3 was studied as an alternative environmentally clean ferro/piezoelectric material.
200-nm-thick BiFeO3 films were grown on Si substrates with SrTiO3 as a template layer and
SrRuO3 as bottom electrode. X-ray and transmission electron microscopy studies confirmed the
epitaxial growth of the films. The spontaneous polarization of the films was,45 mC/cm2.
Retention measurement up to several days showed no decay of polarization. A piezoelectric
coefficient sd33d of ,60 pm/V was observed, which is promising for applications in
micro-electro-mechanical systems and actuators. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1799234]

Perovskite BiFeO3 (BFO) has attracted much attention
recently due to the coexistence of ferroelectric and magnetic
orders. It has high CuriesTC,1100 Kd and Neel sTN

,673 Kd temperatures. In the bulk, it possesses a rhombo-
hedrally distorted perovskite structure with space group
R3c-C3

v6.
1 The rhombohedral and pseudocubic unit cell pa-

rameters area=5.616s6d Å, a=59.35s5d°,2 and a=3.96 Å,
respectively. Electrical characterization of bulk single crystal
samples has been difficult due to their very low resistivity.
Teagueet al. reported a polarization of 3.5mC/cm2 along
(001) at 70 K, indicating a polarization of 6.1mC/cm2 along
(111),3 which is much smaller than expected from a material
with such a high Curie temperature and large distortion. Re-
cently, it has been reported that both epitaxial and polycrys-
talline BFO thin films with reasonably high resistivity show
large polarizations.4,5 For example,(001) oriented thin films
BFO display a polarization of,55 mC/cm2, comparable to
the very popular ferroelectric system, PbsZrxTi1−xdO3 (PZT),
which has been studied for decades for applications in
memory, transducers, and micro-electro-mechanical system
(MEMS). An aspect of concern with the PZT system is its
relative toxicity accruing from lead. BFO provides an alter-
native choice of a Pb-free ferro/piezoelectric material, which
is environmentally preferable. Approaches to grow high
quality BFO films on Si substrates are desirable. Such an
approach is demonstrated in this letter using a template layer
consisting of epitaxial SrTiO3 (STO) deposited directly on Si
by molecular-beam epitaxy,6,7 which was previously used for
the integration of PZT with Si.8,9

200 nm BFO thin films were grown by pulsed laser
deposition. To ensure heteroepitaxial growth, 20 nm SrRuO3
(SRO) was chosen as bottom electrode. Details of deposition
parameters are listed in Table I. After deposition, the films
were annealed at 390 °C for 1 h during coolings5°C/mind
in 1 atm oxygen ambient. X-ray diffraction(Siemens D5000
four-circle diffractometer) and transmission electron micros-

copy[(TEM), JEOL 4000FX operating at 300 kV] were used
to characterize the film structure. Ferroelectric property mea-
surements were performed with a commercially available
RT6000 test system(Radiant Technologies, USA). Piezo-
electric measurements were done using a setup based on an
atomic force microscope,4 while the dielectric constant was
determined by a HP impedance analyzer.

A typical x–ray u–2u scan, Fig. 1(a), shows onlys00ld
diffraction peaks from BFO and SRO in addition to Si peaks
(not shown). No reflections were detected that would be in-
dicative of second phases. A phi scan of the BFO(202) and
Si (404) planes is displayed as inset of Fig. 1(a). Only four
sharp peaks originate from BFO indicating that the film has
good in-plane orientation. The inset also reveals a 45° rota-
tion of BFO with respect to the Si substrate. Selected area
electron diffraction from a cross-section TEM sample, Fig.
1(b), confirmed this rotation. The diffraction patterns origi-
nating from SRO, STO overlap with that from BFO, indicat-
ing that both SRO and BFO grow cubic-on-cubic with re-
spect to STO. These results can be understood on the basis of
the lattice matchdSROk100l=3.94 Å, dSTOk100l=3.91 Å with
dSik110l=3.82 Å. The out-of-plane lattice constant of BFO
was calculated to be,3.95 Å (pseudocubic unit), which is
smaller than its bulk value. The film is likely to have mono-
clinic structure. This observation is a consequence of two
competing effects:(a) the compressive stress imposed by the
SRO/STO layers, which have in-plane lattice parameters
smaller than that of BFO; and(b) a tensile stress due to the
thermal mismatch of Si and the oxides(Si:a,3
310−6 deg−1, BFO:a,1310−5 deg−110). Since the films

a)Electronic mail: jlwang@wam.umd.edu

TABLE I. Summary of deposition parameters used for SRO and BFO films.

Film

Substrate
temperature

(°C)

Energy
density
sJ/cm2d

O2 partial
pressure
sm Torrd

Deposition
rate

snm/mind

SRO 650 ,1.2 100 ,0.7
BFO 670 ,1.2 40 ,7
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are thicker than the expected critical thickness for dislocation
formation, we expect that the thermal stress dominates at
room temperature, leading to an in-plane tensile stress and
the decrease in the out-of-plane lattice parameter.

Ferroelectric properties were characterized using both
polarization hysteresis as well as pulsed polarization mea-
surements. We use Pt as top electrode. Figure 2(a) shows a
set of hysteresis loops measured on a 32-mm-diam capacitor
at a frequency of 15 kHz. A remnant polarization ofPr
,45 mC/cm2 is observed, which is smaller than that of films
grown on single crystal STO substrates(,55 mC/cm2 on
[100] STO and,95 mC/cm2 on [111] STO).11 This can be
understood as a consequence of the smallerc/a ratio of BFO
on Si. Pulse polarization measurements that are less likely
convoluted by leakage and nonlinear dielectric effects, con-
firmed this result. Figure 2(b) shows the pulsed remnant po-
larization,(DP=P* −Pˆ <2Pr, whereP* is the switched po-
larization andP^ is the nonswitched polarization) versus
applied electric field, measured using 10ms pulses. We ob-

served an increase ofDP around 3 V reaching a value of
,100 mC/cm2 at 12 V. For use in memory applications, the
coercive field(which is currently,2–3 V for 200 nm film)
has to be lowered to about 0.7–1 V. In the case of PZT thin
films, this has been shown to be possible through cationic
substitutions, which tunes the tetragonality of the material.
Our preliminary experiments using La substitution at the Bi
site suggest a similar prospect in the BFO system. The films
display resistivity values of,109 V cm at zero bias, lower
than those of typical perovskite ferroelectric oxides like PZT,
and possibly due to defects, i.e., oxygen vacancies. The pulse
width dependence ofDP down to 1ms is shown in Fig. 2(c).
The stability of the polar state is confirmed by retention mea-
surements as shown in Fig. 2(d). No significant change of the
polarization was observed over a period of several days.

Piezoelectric hysteresis loop, Fig. 3(a), shows a remnant
d33 value of 60 pm/V for the fully clamped film, which is
comparable to that obtained from Ti-rich PZT films(Zr/Ti
ratio of 20/80). Figure 3(b) shows the small signal dielectric
constant,«r, for a 32mm capacitor. The observed«r was
,170.

We have also studied the thickness dependence of the
polarization, piezoelectric coefficient, and dielectric constant
of the epitaxial BFO films on Si. Figure 4 contains the sum-
mary of the results. The out-of-plane lattice constant de-
creases as the film thickness increases from 100 to 400 nm,
which can be understood by considering the relaxation of the
compressive stress originating from SRO/STO layers, while
keeping in mind that the dominating thermal mismatch re-
duces the bulk value of the out-of-plane lattice constant. Fig-
ure 4 also shows the switchable polarization,DP, measured
at constant electric field(400 kV/cm, corresponding to 8 V
for 200 nm film). The change inDP is relatively small. On
the other hand, the piezoelectric constantd33 shows a dra-
matic increase from,30 pm/V for a 100 nm film to
,120 pm/V for a 400 nm film; the dielectric constant fol-
lows the same trend asd33. We have observed similar behav-
ior in the BFO films grown on STO substrates.4

In summary, epitaxial BFO thin films were grown on Si
substrate using a STO template layer. A significant polariza-
tion, ,45 mC/cm2, was observed at room temperature for a
200 nm film. Retention analyses up to several days con-
firmed the polarization stability. 400-nm-thick films possess

FIG. 2. (a) Ferroelectric hysteresis measured at a fre-
quency of 15 kHz. The remnant polarization equals
,45 mC/cm2. (b) Pulsed polarization,DP vs electric
field, determined with electrical pulses of 10ms width
and resistivity vs electric field measured using 1 s
pulses.(c) Pulse width dependence ofDP. (d) Polariza-
tion retention showing no significant change after sev-
eral days.

FIG. 1. (a) Typical u–2u scan of a BiFeO3/SrRuO3/SrTiO3/Si sample. No
second phase was observed.c scans of BiFeO3 s202d and Sis404d indicate
a 45° rotation of BiFeO3 unit with respect to Si.(b) Electron diffraction
pattern confirms the epitaxial growth the films.
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a large piezoelectric coefficient,,120 pm/V, which is use-
ful for applications in MEMS and actuators.
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FIG. 3. (a) Small signald33. (b) Small signal dielectric
constant,«r, of a 32mm capacitor.

FIG. 4. Thickness dependence of the out-of-plane lattice constant, polariza-
tion, and piezoelectric coefficient.
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